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Abstract In-stream submerged macrophytes have a complex morphology and several
species are not rigid, but are flexible and reconfigure along with the major flow direction to
avoid potential damage at high stream velocities. However, in numerical hydrodynamic
models, they are often simplified to rigid sticks. In this study hydraulic resistance of
vegetation is represented by an adapted bottom friction coefficient and is calculated using
an existing two layer formulation for which the input parameters were adjusted to account
for (i) the temporary reconfiguration based on an empirical relationship between deflected
vegetation height and upstream depth-averaged velocity, and (ii) the complex morphology
of natural, flexible, submerged macrophytes. The main advantage of this approach is that it
removes the need for calibration of the vegetation resistance coefficient. The calculated
hydraulic roughness is an input of the hydrodynamic model Telemac 2D, this model
simulates depth-averaged stream velocities in and around individual vegetation patches.
Firstly, the model was successfully validated against observed data of a laboratory flume
experiment with three macrophyte species at three discharges. Secondly, the effect of
reconfiguration was tested by modelling an in situ field flume experiment with, and
without, the inclusion of macrophyte reconfiguration. The inclusion of reconfiguration
decreased the calculated hydraulic roughness which resulted in smaller spatial variations of
simulated stream velocities, as compared to the model scenario without macrophyte
reconfiguration. We discuss that including macrophyte reconfiguration in numerical
models input, can have significant and extensive effects on the model results of hydro-
dynamic variables and associated ecological and geomorphological parameters.
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Abbreviations
AC Characteristic area of the plant (m
2)
Aw Total wetted plant surface (m
2 m-2)
b Vogel exponent (–)
Cb Che´zy coefficient of the bed (m
1/2 s-1)
CD Drag coefficient (–)
CD
0 Modified drag coefficient to account for flexible vegetation (–)
CD,exp Experimental drag coefficient (–)
Cr Representative Che´zy value for vegetation (m
1/2 s-1)
D Cylinder diameter (m)
FD Drag force of the vegetation (N)
g Gravitational acceleration (m s-2)
h Water depth (m)
k Vegetation height (m)
ku Variable vegetation height in function of stream velocity (m)
Lcp Shoot height of Callitriche platycarpa (m)
Lpp Shoot height of Potamogeton pectinatus (m)
Lpn Shoot height of Potamogeton natans (m)
m Number of cylinders per m2 horizontal area (m-2)
n Manning coefficient (s m-1/3)
NS Nash-Sutcliffe coefficient (–)
Q Discharge (m3 s-1)
R Hydraulic radius (m)
S Water level slope (–)
U Flow velocity (m s-1)
a Angle with horizontal bed and shoot ()
q Density of water (kg m-3)
j Von Ka´rma´n constant (–)
1 Introduction
In-stream macrophytes (aquatic vegetation) increase the resistance encountered by river
flow [1]. Concomitantly, it has been shown that configurations of macrophyte patches and
non-vegetated zones cause local decreased flow velocity within vegetation patches and
local increased flow velocity right next to the vegetation patches [2, 3]; as well as overall
increased water levels, compared to vegetation free parts of the river [4]. The water flow, in
turn, creates drag force on the vegetation [5, 6]. These mutual plant-flow interactions have
important effects on the hydraulic, ecological and geomorphic functioning of lowland
rivers [7–9] and it is therefore crucial to implement plant-flow interactions in hydrody-
namic models.
Plant-flow interactions have been relatively well studied in recent years through
numerical modelling [10, 11], laboratory experiments [12–15] and field measurements [8,
16]. Vegetation resistance can be quantified via empirical relationships or with
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hydrodynamic models. In the empirical approach, the overall resistance in a vegetated
reach is determined via the relationship between biomass and resistance, [17, 18] or
between blockage factors and resistance [19]. However, it has been demonstrated that
hydraulic resistance is also influenced by discharge; and several authors have investigated
n-UR relationships [20–23]. The Manning coefficient, n (m s-1/3), quantifies the overall
hydraulic resistance in a river reach and depends on flow velocity, U (m s-1), and
hydraulic radius, R (m), with the latter being the ratio of the cross-sectional area to the
wetted perimeter. Several approaches, based on this Manning equation, are derived to
estimate the hydraulic resistance caused by submerged vegetation and have been imple-
mented into hydrodynamic models [e.g. 1, 10, 11, 24, 25], see for Vargas-Luna et al. [26] a
comparative analysis. These equations divide the vertical velocity profile into two layers:
one layer within the vegetation canopy and one layer above the vegetation canopy. The
relative contribution of both layers depends on the vegetation height. Therefore, in this
study the reconfiguration is described by the temporary bending of the vegetation, which
results in varying vegetation height in function of stream velocity. Previous studies
described the reconfiguration of vegetation by the reduction in frontal area (A) and
streamlining (CD, drag coefficient) [27].
Nevertheless, there is a gap between the theoretical understanding and description of
hydraulic resistance, caused by vegetation and common botanical measurements, used in
practice [28]. The vegetation is often represented by simple, rigid sticks in experiments
[29–31] and modeled as such [11, 32]. Yet, we identify two main difficulties when dealing
with natural, flexible macrophytes: (i) including the flexible structure, and (ii) quantifying
the species’ complex morphology. Firstly, in attempts to better mimic the flexibility of
plants in a natural situation, researchers have used rice shoots [33] or alfalfa seedlings [34],
instead of artificial, rigid plant structures. Yet these are still emergent objects, while many
of the in-stream macrophytes grow typically submerged and interact with the flow to a
great extent [35]. Submerged macrophytes have their entire canopy in the water column
and experience a drag force, which consists of form drag and friction drag [28]. Due to the
buoyancy and the stiffness of the macrophytes, the canopy stays in an upright position [36].
At higher stream velocities, the flow-induced drag force pushes the macrophytes in a more
downward position [37]. Their morphology is therefore often flexible and streamlined to
enable temporary reconfiguration of the canopy and to avoid potential damage at high
stream velocities [38]. Models for submersed, flexible vegetation, for which the whole bed
is homogeneously covered with vegetation exist [39, 40]. Dijkstra [39] modeled the
bending of flexible seagrass and flexible plastic strips based on biophysical processes,
including vegetation position and buoyancy. Luhar, Nepf [41] calculated the plant posture
of flexible seagrass using the force balance between posture-dependent drag and restoring
forces, due to vegetation stiffness and buoyancy. However, in rivers and streams a patchy
vegetation pattern is often observed, where zones with vegetation alternates with bare
sediment, or with vegetated zones of a different species [38]. Experiments with flexible
vegetation patches have been executed by e.g. [12, 42–44]. Secondly, the morphology of
the vegetation is traditionally represented by the stem diameter and number of stems per
unit horizontal area. These parameters can be measured relatively easily for single bran-
ched species; but for broadly branched species with many leaves it is difficult to quantify
these parameters. We lump therefore, in this paper, these parameters into the plant surface
area; this approach is similar to the method suggested by Aberle, Jarvela [45] where the
leaf area index is used.
The aim of this study is to derive a practical approach to quantify vegetation resistance
which can be applied in 2D depth-averaged models on reach scale. By using a 2D model
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we are able to investigate spatial heterogeneous vegetation patterns on reach scale. Future
applications can include the effect of different spatial vegetation patterns on the overall
hydraulic resistance, the impact of spatio-temporal vegetation dynamics on the flow field,
habitat suitability for macro-invertebrates, optimisation of flood management, etc.
Quantification of the hydraulic resistance created by the vegetation needs to account for
the ability of flexible macrophytes to temporary reconfigure their canopy with the flow and
the complex morphology of natural plants. The calculated hydraulic resistance induced by
flexible macrophytes will depend on whether or not the model accounts for temporary
reconfiguration. Consequently, this gives rise to differences in depth-averaged velocity
distribution; hence affecting results on associated hydraulic, ecological and geomorpho-
logical processes. The lack of correct implementation of vegetation resistance, based on
common botanical parameters and a variable vegetation height, is a structural shortcoming
in contemporary hydrodynamic models, when dealing with natural in-stream macrophytes.
Two research questions are addressed in this study;
(i) How to estimate the hydraulic resistance of in-stream macrophyte patches
including temporary reconfiguration and based on measurable plant parameters?
And is the resulting simulated flow field in agreement with the observed flow field?
(ii) What is the effect of inclusion or exclusion of macrophyte reconfiguration on the
modeled flow field?
We demonstrate that if reconfiguration is not included, the hydraulic resistance can be
overestimated, often resulting in incorrect flow velocities. These research questions are
addressed with the 2D hydrodynamic model Telemac 2D [46]. The modelling of a labo-
ratory flume experiment performed by Bal et al. [4] is used to address the first research
question. The second research question is answered by modelling an in situ field flume
experiment executed by Schoelynck et al. [38]. Both experiments are selected because
natural, flexible, aquatic vegetation is used and stream velocities in and around the veg-
etation patch are recorded in detail.
2 Materials and methods
In this study we extend a resistance estimation method for vegetation to calculate the
representative Che´zy value of in-stream macrophytes. We formulate appropriate plant
parameters to account for the flexible and complex structure of the vegetation. These
parameters are quantified for three target species. The hydrodynamic model and calculation
scheme is described. Finally, the experimental setup of the two case studies is summarised.
2.1 Parameter formulation
Vargas-Luna et al. [26] performed a comparative analysis and validation of fourteen
models which describe the resistance effect caused by aquatic vegetation. Here we built
further upon the approach proposed by Baptist et al. [1] (Eq. 1), which was identified by
Vargas-Luna et al. [26] as one of the model approaches that performs best to simulate both
submerged and emerged vegetation, real and artificial vegetation, and rigid and flexible
vegetation. It is important that the vegetation height in the formula corresponds to the
deflected vegetation height in the field [47]; therefore in this study we consider recon-
figuration as a varying deflected vegetation height in function of stream velocity.
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Furthermore, (Eq. 1) is successfully used in other studies with real vegetation: such as the
simulation of the flow field over a river floodplain with grass, reed and softwood [48, 49],
and marsh vegetation [50]. Following the approach of Baptist et al. [1], the representative
Che´zy value at every location with vegetation is described by (Eq. 1):
Cr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
1

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k
 
ð1Þ
Equation 1 assumes a uniform flow velocity through the fully submerged vegetation and
a logarithmic profile above the vegetation [1]. The first term in (Eq. 1) represents the
resistance created by the river bed and within the vegetation canopy. The second term
accounts for the vegetation-free flowing zone above the canopy. The resistance created by
the vegetation depends on the following plant parameters: canopy height, k (m), number of
stems per unit horizontal area, m (m-2), diameter of the stems, D (m) and drag coefficient,
CD (–). The Che´zy coefficient for the bed roughness (Cb) is obtained from standardised
tables [51]; the Manning value found in these tables is converted into a Che´zy coefficient
by using the mean water depth of the domain. The gravitational acceleration (g) is
9.81 m s-2, the Von Ka´rma´n constant (j) is 0.4 and the water depth (h) is calculated in
every grid cell. The representative Che´zy value is used as an adapted bottom friction
coefficient in the hydrodynamic model Telemac 2D.
In this research we study macrophyte patches that are flexible and consist of multiple
individual shoots, which are woven into one another and can therefore not be identified
individually. Hence, two adjustments on the input parameters are needed: (i) to account for
the flexibility of the vegetation, the vegetation canopy height is varied as a function of the
upstream depth-averaged velocity; and (ii) the complex morphology is represented by the
total wetted surface area, Aw (m
2), of the plants. Firstly, in order to simulate the variation
in vegetation canopy height, as a function of upstream depth-averaged velocity, a rela-
tionship between the bending angle and upstream depth-averaged velocity is used. The
bending angle is defined as the angle between the horizontal bed and the shoot [13]
(Fig. 1). The deflected vegetation height, ku, which is the vegetation height after bending,
is calculated as the product of the shoot height, L (m) and the sine of the bending angle
(Table 1). The deflected shoot length is the product of the shoot height and the cosine of
the bending angle. At lower velocities the deflected patch length is less reduced than the
deflected shoot length, because the deflected patch length is impacted only by the shoots at
the trailing end (Fig. 1).
Secondly, the complex morphology of stems and leaves is represented by replacing the
product of the individual plant parameters, vegetation height, k (m), number of stems, m
(m-2), and stem diameter, D (m)—in (Eq. 1)—by the characteristic surface area, AW
(m2 m-2), of all plant structures (stems, leaves, etc.):
Cr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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We do this because—as input for the model—it is not feasible to measure the individual
plant parameters k, m and D on plant species with a complex morphology, while the
characteristic area can be quantified as follows. For example, the leaf area index can be
used, which is defined as the one-sided leaf area per horizontal area [45, 52, 53]. Another
approach is the product of plant frontal area per canopy volume and vegetation height to
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describe the characteristic area, A, in (Eq. 2) [54]. For flexible vegetation it is difficult to
quantify the frontal area. Sand-Jensen [55] and Bal et al. [13] suggest to use the total
wetted plant surface area. The wetted plant surface area of the vegetation is the total
surface area of the vegetation canopy, which is in contact with the water, quantified per
unit surface area of the river bed and is used in this study. It depends on the species and
biomass but is independent of stream velocity and reconfiguration of the vegetation [55].
Therefore, this parameter can be quantified accurately and it accounts for the friction
created by all plant structures including the stems and the leaves, which is important since
leaves can account for 60 % of the total drag generated by macrophytes [13]. However, it
should be noticed that the wetted plant surface area does not take into account the plant
morphology itself.
Fig. 1 Sketch showing a side-view of a flexible vegetation patch which consists of multiple shoots (grey
lines). The deflected vegetation height depends on the upstream depth-averaged velocity, because the flow-
induced drag force pushes the macrophyte in a downward position
Table 1 Plant parameters of the vegetation module, deflected vegetation height, bending angle (values
from [13]), total wetted plant surface area per unit horizontal bed (field measurements of 2008 and 2013),
bulk drag coefficient (values derived from [13])
Species Deflected
vegetation
height ku (m)
Bending
angle a ()
Wetted plant
surface area
AW (m
2 m-2)
Experimental
drag coefficient
CD,exp (–)
Vogel
exponent
b (–)
C. platycarpa LCp * sin (a) 5.6*U
-0.53 43.9 ± 20.4 0.034 ± 0.003 -1.09
P. pectinatus LPp * sin (a) 5.5*U
-0.55 13.7 ± 0.8 0.054 ± 0.004 -0.78
P. natans LPn * sin (a) 8.7*U
-0.60 8.5 ± 3.5 0.049 ± 0.004 -0.76
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2.2 Parameter estimation
Three submerged macrophyte species are used in this study: Callitriche platycarpa, Ku¨tz
(various-leaved water-starwort) is widely branched; Potamogeton pectinatus, L., also
known as Stuckenia pectinata (sago pondweed) is ramified, but more streamlined than the
former; and Potamogeton natans, L. (floating pondweed) is a single branched macrophyte
with one leaf at the end of each shoot. P. pectinatus and P. natans have a similar stiffness
and are less flexible than C. platycarpa [13].
An empirical relationship is used between the bending angle (a) and the upstream
depth-averaged velocity based on published flume experiments of single shoots of the
target species [13] (Table 1). In this published study, the bending angle was measured
between the horizontal bed and the lowest 0.05 m of the shoot [13]. From the pictures that
the authors took we can see that the bending angle along the whole length of the shoot is
approximately constant. In our study, vegetation patches consisting of multiple shoots are
modelled, therefore the bending angle of a single shoot is used as a proxy of the bending
angle of all shoots in a whole patch (Fig. 1). We checked the reliability of this assumption
by comparing the observed bending angle of C. platycarpa shoots [13] and patches [38] at
three different velocities in published flume studies. The observed bending angles of shoots
and patches were, respectively, 19 and 19, 13 and 13, 11 and 9 decimal degrees at
stream velocities of 0.1, 0.2 and 0.3 m s-1. The similarity can be explained by the
mechanism that the leading edge of the patch pushes the whole canopy downwards under
the same angle.
The wetted plant surface area is measured for the three target species. In total, nine
vegetation samples of both C. platycarpa and P. natans were taken at peak biomass (June,
July and August 2013) in two lowland rivers in north east Belgium. Biomass was sampled
in plots of 0.25 m2 with only the presence of the target species. Two samples of P.
pectinatus were taken in the same rivers in 2008. The leaves and stems subsamples of each
species were spread on a white background and photographed. Using ArcGIS 10.1 the
surface area was determined. The wetted plant surface area was calculated using the dry
weight of the subsample and the whole sample (Table 1).
Finally, the drag coefficient is quantified based on drag force measurements. In the first
step, the drag coefficient is calculated with the generally accepted drag force equation
(Eq. 3) [56]:
FD ¼ 1
2
qCDACU
2 ð3Þ
with drag force, FD (N), drag coefficient, CD (-), density of water, q (kg m
-3), charac-
teristic area of the object, Ac (m
2) and the stream velocity, U (m s-1). Usually the char-
acteristic area is defined as the projected area exposed to the flow [56], whereas in this
study the wetted area is used for the same reasons as mentioned in paragraph (2.1). The
flexible behaviour of vegetation in hydrodynamics can be accounted for by replacing CD to
CD
0 in (Eq. 3) [57]. The modified drag coefficient, CD0, is calculated (Eq. 3) for each
species based on drag force measurements at eight stream velocities between 0.02 and
0.37 m s-1 [13]. These velocities are in the range of stream velocities used in this research.
In the second step, the experimental drag coefficient CD,exp is parameterized. The modified
drag coefficient, CD
0, obtained by (Eq. 3) is a function of stream velocity. It can be
described by: C0D ¼ CD;exp UUo
 	b
, with: the experimental drag coefficient, CD,exp (-), the
Vogel number, b (-), the velocity, U (m s-1), and U0 has a constant value of 1 (m s
-1).
Environ Fluid Mech
123
This approach is similar to the approach of Aberle, Jarvela [45] and Jarvela [5] who
quantified the drag force. CD;exp is a species-specific drag coefficient with a constant value,
Table 1. Note that the flexible behaviour of the macrophytes is explicitly taken into
account by the variable vegetation height depending on upstream depth-averaged velocity.
The experimental drag coefficient is based on velocity measurements and it therefor only
valid in this velocity range, 0.02–0.37 m s-1. The use of the Vogel exponent and its
interpretation is further discussed in Marjoribanks et al. [58].
2.3 Model description and calculation scheme
Telemac 2D is used to simulate water depths and depth-averaged stream velocities in both
longitudinal and lateral direction [46]. This hydrodynamic model solves the depth-aver-
aged Navier–Stokes equations for continuity and momentum simultaneously. The overall
viscosity coefficient (molecular and turbulent viscosity) is constant for the entire model
domain and equals 10-4 m2 s-1. A similar value is recommended to simulate accurately
the sharp gradients of the depth-averaged velocity at the vegetation edges. This method
already provides good results—as will be presented in the results section—showing that
our simplified model approach is able to capture the most important processes determining
the flow field in and around macrophyte patches at the studied scale. Specific models to
simulate turbulence within aquatic vegetation are available. For example, King et al. [59]
developed a k-e model to simulate the turbulent kinetic energy generation and dissipation
in interaction with vegetation, incorporating turbulence effects at stem scale and at scales
of the vertical shear. In this study we chose to not take into account the turbulence effects
due to the presence of vegetation, in order to keep the model as simple as possible.
A triangular regular grid with a node interval of 0.1 m is used. The boundary conditions
are a constant discharge at the upstream boundary and a constant water depth downstream.
Despite the grid size being small, a substantial amount of vegetation area is present in each
grid cell and is between 852 and 4290 cm2. The Che´zy coefficient for the bed roughness
(Cb) is obtained from standardised tables [51] and validated for an empty flume: this was
48 m1/2 s-1 for the laboratory flume experiment and 20 m1/2 s-1 for the in situ field flume.
Equation 2 quantifies the hydraulic roughness in function of the water depth in every
grid cell; this matrix is then used as input in the hydrodynamic model. The calculation
scheme is as follows: firstly, the boundary conditions of the system are defined and the
depth-averaged velocity in an empty flume is calculated at the location upstream of the
vegetation patch; then the deflected plant height is calculated, given this upstream depth-
averaged velocity. Next, the representative Che´zy value is calculated according to (Eq. 2)
in every vegetated grid cell, which is used as input in the hydrodynamic model. In case of
multiple vegetation patches an iterative approach is suggested. Initially the depth-averaged
velocity is used to calculate the Cr of all patches. This initial Cr value should be used then
to rerun the hydrodynamic model and to recalculate the depth-averaged velocity. In the
next iteration, the depth-averaged velocity immediately upstream of each patch should be
used to recalculate Cr. This is repeated until the flow field and Cr are in balance.
2.4 Case studies
The first case study consists of the modelling of experiments done by Bal et al. [4]
(Fig. 2a). They investigated the influence of different macrophyte distribution patterns on
the overall hydraulic resistance in a laboratory flume (25 m long, 3 m wide, 0.3 m water
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depth). The velocity was measured over a time interval of 30 s (Valeport 801 electro-
magnetic flow meter) at 65 locations, of which 26 inside the vegetation, 13 at the edge and
26 next to the vegetation. At every location, 5 measurements were done with a depth
interval of 0.05 m. No vegetation was present in the first 9 m of the flume, to create a
uniform velocity profile across the upstream boundary. The configuration of one vegetation
patch of 9 m by 1 m along the side wall of the flume was selected for this study. Three
macrophyte species (C. platycarpa, P. pectinatus and P. natans) at three discharges (0.063,
0.095 and 0.127 m3 s-1) are modelled, hence the first case study includes nine scenarios.
The observed stream velocities are depth-averaged at each measurement location and are
spatially, linearly interpolated in Akima’s algorithm in R ver. 3.0 [60].
The second case study is an in situ field flume experiment, with C. platycarpa, per-
formed by Schoelynck et al. [38] (Fig. 2b). The authors investigated the bending of patches
as a result of the upstream depth-averaged velocity. A flume was placed in a lowland river
in north east Belgium, creating a test section of 4.8 m long and 1 m wide. A vegetation free
zone of 5 m upstream of the test section was installed to obtain a uniform velocity across
the upstream boundary. The incoming discharge was 0.057 m3 s-1; upstream and down-
stream water depth was 0.43 m and 0.68 m, respectively. At 26 locations in the flume the
velocity was measured with an electromagnetic flow meter (Valeport 801) during 30 s. The
depth-averaged stream velocities were calculated from measurements with a depth-interval
of 0.1 m and afterwards spatially, linearly interpolated using Akima’s algorithm.
3 Results
3.1 How to estimate the hydraulic resistance of in-stream macrophytes
patches including temporary reconfiguration and based on measurable
plant parameters? And is the resulting flow field in agreement
with the observed flow field?
The observed depth-averaged stream velocities of the laboratory flume are plotted versus
the modelled stream velocities to illustrate the model performance (Fig. 3). This is done for
the 65 locations where the velocity was measured, respectively, for each combination of
three macrophyte species and three discharges (Fig. 3). Error bars of the observed depth-
averaged velocity represent the mean standard error based on the individual standard
Fig. 2 a Illustration of the laboratory flume of Bal et al. [4], and b the in situ field flume of Schoelynck
et al. [38]
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deviations of the 5 measured stream velocities at each location. The Cr is calculated by
once subtracting, and once summing, the input parameters Aw and CD
0 with their respective
standard deviation. Depth-averaged velocities are modelled accordingly and are shown as
error bars of the modelled depth-averaged velocity per location (Fig. 3). A good fit gives
points around the 1:1-line, most points lie close to the 1:1-line in each scenario. In all
simulations of C. platycarpa, one point—in the left lower corner of the plot—is highly
overestimated by the model. This point is situated at the upstream edge of the vegetation
patch. In the panels of P. pectinatus a set of 6 points is overestimated by the model; these
points are located in the channel next to the vegetation patch. In the simulation of P. natans
Fig. 3 Observed depth-averaged velocity versus modelled depth-averaged velocity for C. platycarpa (first
column), P. pectinatus (second column) and P. natans (third column). The discharge is 0.063, 0.095 and
0.127 m3 s-1 for the first, second and third row, respectively. The black line represents the 1:1-line. Error
bars of the observed depth-averaged velocity represent the mean standard error based on the individual
standard deviations of the 5 measured velocities at each location. The Cr is calculated by once subtracting,
and once summing, the input parameters Aw and CD
0 with their respective standard deviation. Depth-
averaged velocities are modelled accordingly and are shown as error bars of the modelled depth-averaged
velocity per location
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the model performance of small stream velocities is poorer; these points are located at the
upstream edge of the vegetation patch.
For the nine scenarios, the coefficients of determination between modelled and observed
depth-averaged velocities are all higher than 0.89 (Table 2). The mean absolute error and
the root mean squared error do not exceed 0.023 m s-1 in all scenario’s and are similar
across species and discharges. The coefficient of variation—the relative error between
observed and modelled data—is between 0.10 and 0.26 for all model scenarios. The Nash-
Sutcliff coefficients are higher than 0.91 for the scenarios with C. platycarpa and P.
natans, and lower for scenarios with P. pectinatus, but still higher than 0.39. The weaker
performance of the scenarios with P. pectinatus can be due to an underestimation of the
representative Che´zy value, which results in lower stream velocities in the patch and higher
stream velocities adjacent to the patch. Overall we can conclude that the model performs
well in reproducing the observed depth-averaged velocity patterns and magnitudes for
these conditions without any calibration of the parameters.
The scenario of C. platycarpa at a discharge of 0.127 m3 s-1 is now discussed in detail,
the other scenarios have similar results. The spatial distribution of the depth-averaged
velocity is plotted in Fig. 4a based on the observed data (measurements available for only
part of the flume) and based on the model simulations in Fig. 4b (modelled for the whole
flume). The depth-averaged velocity at the location of the patch drops to 0.01 m s-1 in the
observed and modelled data, though the actual velocity is lower inside the vegetation layer
and is higher above the vegetation in the free flowing zone. The magnitude of the depth-
averaged velocity adjacent to the patch increases to 0.20 m s-1 for the modelled data,
which is comparable to the observed value of 0.21 m s-1.
The modelled depth-averaged velocities show a slowdown along the vegetated longi-
tudinal-section (Fig. 4c, black). The values of the modelled data are in line with those of
the observed data. The increase in depth-averaged velocity in the open channel adjacent to
the vegetation patch is slightly underestimated at the first part of the vegetation patch: the
modelled depth-averaged velocity is 0.015 m s-1 lower than observed (Fig. 4c, grey). A
Table 2 Comparison between observed data and modelled data for a laboratory flume experiment: coef-
ficient of determination (R2), mean absolute error (MAE), root mean squared errors (RMSE), coefficient of
variation (CV = RMSE/uavg) and Nash-Sutcliff model efficiency coefficient NS ¼ 1
Pn
i¼1 um;iuo;ið Þ2
Pn
i¼1 uo;iuo;avgð Þ2
 
with uo,avg = mean depth-averaged observed velocity and n = number of paired observed-modelled stream
velocities
Species Discharge (m3 s-1) R2 (–) MAE (m s-1) RMSE (m s-1) CV (–) NS (–)
C. platycarpa 0.063 0.96 0.006 0.008 0.16 0.91
0.095 0.97 0.011 0.015 0.17 0.93
0.127 0.97 0.014 0.019 0.16 0.94
P. pectinatus 0.063 0.89 0.010 0.013 0.26 0.39
0.095 0.93 0.018 0.023 0.26 0.48
0.127 0.94 0.023 0.027 0.23 0.63
P. natans 0.063 0.97 0.004 0.005 0.10 0.92
0.095 0.98 0.008 0.011 0.14 0.93
0.127 0.98 0.010 0.013 0.11 0.94
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similar trend is noticed along the cross-section: the depth-averaged velocity is slowed
down in the part through the vegetation, while the depth-averaged velocity increased
around the vegetation (Fig. 4d). The modelled depth-averaged velocities are also in line
with the observations.
3.2 What is the effect of inclusion or exclusion of macrophyte reconfiguration
on the modelled flow field?
The flow field is now simulated with and without reconfiguration for an in situ field flume
experiment [38]. The total biomass and rooted area of the vegetation patch is the same in
both scenarios, so an equal amount of vegetation is present in both scenarios. The plant
height is calculated with the bending angles of Table 1. The free flowing calculated zone
Fig. 4 Spatial distribution of the depth-averaged velocity of the observed data (a) and modelled data (b) for
C. platycarpa at a discharge of 0.127 m3 s-1. The vegetation patch is demarked with a black line in (a) and
(b). The water flows from left to right. The arrows in (a) indicate the location of the cross-section in the
middle of the patch, which are displayed in (d), and the longitudinal transects displayed in (c); one through
the vegetation (black) and one adjacent to the vegetation (grey). The modelled data are represented by
circles and the observed data by stars in (c) and (d)
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above the canopy is 0.08 m in the scenario after reconfiguration and similar to the field
observation of 0.1 m, while the vegetation is considered to remain in upright position in the
scenario without reconfiguration (Fig. 5). Note that the patch length is longer with
reconfiguration due the bending.
In contrast to the flat bottom of the laboratory flume, the river bottom of the in situ field
flume had a significant bottom slope, with a higher water depth at the end of the flume. As
a result a decreasing depth-averaged velocity towards the end of the flume is observed
(Fig. 5a) and accurately simulated by the model in the scenario with reconfiguration
(Fig. 5b). The depth-averaged velocity at the downstream end of the patch drops to
0.06 m s-1 in the observed data and to 0.07 m s-1 in the modelled data. It can be seen
from the data in Fig. 4b that the depth-averaged velocity in the open channel increases to
0.11 m s-1. In the observed data, the depth-averaged velocity is 0.16 m s-1 at one loca-
tion. Without implementing reconfiguration, the flow field shows more extreme values
(Fig. 5c): a higher depth-averaged velocity adjacent to the patch, 0.19 m s-1, and a lower
depth-averaged velocity behind the patch, 0.05 m s-1. Furthermore, the decreased depth-
averaged velocities in the patch already start at the upstream edge of the patch; while, when
reconfiguration is implemented, the depth-averaged velocity gradually decreases through
the patch.
The modelled data with reconfiguration are in better agreement with the observed data
compared to the scenario without reconfiguration (Table 3). The correlation coefficient and
Fig. 5 Spatial distribution of the depth-averaged velocity of the observed data (a) and modelled data with
(b) and without (c) reconfiguration for the in situ field flume. The vegetation patch is demarked with a black
line in (a), (b) and (c). The water flows from left to right
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Nash-Sutcliff coefficient are both higher in the case that reconfiguration of the canopy is
implemented in the model. In addition, the mean absolute error, root mean squared error
and the coefficient of variation, are lower with the inclusion of macrophyte reconfiguration.
The distribution of the stream velocities per water volume is calculated to have more
detailed information on how the flow field is changed by the vegetation. The depth-
averaged velocity distribution of the model simulation, with the inclusion of reconfigu-
ration, peaks at the interval of 0.10 to 0.12 m s-1 (Fig. 6), with 46.2 % of the water
volume having this depth-averaged velocity. While two peaks are observed in the simu-
lation without reconfiguration: 31.3 % of the water volume is in the interval
0.10–0.12 m s-1 and 25 % is in the interval 0.04–0.06 m s-1. Next, the range of stream
velocities is higher without reconfiguration 0.04 and 0.16 m s-1, compared to the simu-
lation with reconfiguration 0.06 and 0.14 m s-1. More extreme values are observed
without reconfiguration, the water volumes with a depth-averaged velocity lower than
0.06 m s-1 and higher than 0.14 m s-1 are 8.5 and 7.2 %, respectively.
4 Discussion
The majority of mathematical studies and experiments to quantify hydraulic resistance
created by aquatic vegetation does not consider vegetation with natural characteristics but
simplifies it to e.g. rigid sticks [e.g. 1, 6, 11, 31], horsehair matrasses [e.g. 61] or flexible
plastic strips [e.g. 12, 39, 62, 63]. However, natural macrophytes are flexible and have
more complex morphology compared to the former objects. In this study, we quantify the
hydraulic roughness of natural submerged flexible macrophytes with a complex mor-
phology using (Eq. 2) [1]. Vegetation was originally represented by rigid sticks, thus two
Table 3 Comparison between observed data and modelled data with and without reconfiguration of an
in situ flume with a patch of C. platycarpa: coefficient of determination (R2), mean absolute error (MAE),
root mean squared errors (RMSE), coefficient of variation (CV) and Nash-Sutcliff model efficiency coef-
ficient (NS)
Species Reconfiguration R2 (–) MAE (m s-1) RMSE (m s-1) CV (–) NS (–)
C. platycarpa Yes 0.74 0.014 0.017 0.17 0.52
C. platycarpa No 0.63 0.016 0.023 0.23 0.16
0.04−0.06 0.06−0.08 0.08−0.10 0.10−0.12 0.12−0.14 0.14−0.16
V
ol
um
e 
(%
)
0
10
20
30
40
50
Velocity (m s−1)
With reconfiguration
Without reconfiguration
Fig. 6 Water volume (%) with according depth-averaged velocity, for the model simulation with
macrophyte reconfiguration and without, of an in situ flume with a patch of C. platycarpa
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adjustments are needed: (i) to account for the flexibility of the vegetation, the vegetation
canopy height is varied as a function of the upstream depth-averaged velocity, and (ii) the
morphology is represented by the total wetted surface area (Aw) of the plants. These
parameters are estimated for three different macrophytes species (Table 1) and the pro-
posed method is successfully validated against experimental data (Figs. 3, 4, 5). Next, we
demonstrate that the incorporation of macrophyte reconfiguration in hydrodynamic river
modelling results in a more realistic simulation of the observed depth-averaged velocity
distribution (Fig. 6).
The approach presented in this study has three main advantages. Firstly, the plant
parameters have a physical meaning and can be measured on natural macrophytes; this
removes the need of further calibration of the hydraulic roughness. Secondly, the calcu-
lated hydraulic roughness created by vegetation is represented by an adapted bottom
friction coefficient and hence can be used as input in existing hydrodynamic models.
Lastly, a 2D depth-averaged model is used to directly account for the spatial variation in
vegetated reaches and makes it possible to study spatial heterogeneous patterns.
However, the method presented in this paper also has limitations. It should be noted that
macrophyte reconfiguration is described by the temporary bending of the vegetation which
results in varying vegetation height in function of upstream depth-averaged velocity. This
approach is therefore only valid for flexible vegetation, for which reconfiguration of the
canopy results mainly in variation in vegetation height. Currently the vegetation resistance
file is a fixed input in the hydrodynamic model based on the upstream depth-averaged
velocity, thus new resistance files need to be calculated whenever the upstream depth-
averaged velocity changes. Furthermore, Bal et al. [4] showed that stream velocity patterns
also depend on the spatial configuration of vegetation patches and on water depth. The case
studies presented in this study only contained one vegetation patch at one water depth.
Future model application should study the accuracy of the proposed formulations in more
complex multi-patch simulations. Finally, several limitations are inherent to 2D models. As
a consequence of the 2D model approach, it is not possible to derive the stream velocities
in and above the vegetation separately. Also, detailed 3D processes are expected to occur
around finite submerged vegetation patches [15, 64]; vertical circulation patterns and
expansion of mixing layers are, however, not captured by the presented 2D model.
Skimming flow results in flow separation within and above the canopy, with reduce flow
within the canopy and a boundary layer developing above the canopy [65]. This process is
indirectly taken into account by the two layer formulation of (Eq. 1).
Notwithstanding two adjustments, the proposed method is able to accurately simulate
the depth-averaged stream velocities for nine scenarios of a laboratory flume experiment
(Figs. 3, 4). The hydraulic roughness of the vegetation results in a flow deceleration
through—and downstream of—the vegetation, and an acceleration adjacent to the vege-
tation [2, 38]. The magnitude of velocity changes depends on the morphology and flexi-
bility of the macrophyte species [13, 66]. The highest resistance is created by the most
dense species C. platycarpa, for which the spatial variation depth-averaged velocity ranged
between 0.01 and 0.16 m s-1 at discharge 0.095 m3 s-1. A similar impact on the stream
velocity is found for Callitriche cophocarpa [16]. P. pectinatus is a less densely growing
macrophyte and P. natans is the least dense species, hence the depth-averaged velocity
range at the same discharge between 0.02 and 0.12 m s-1 and 0.03 and 0.14 m s-1,
respectively. These differences between the three target species are well simulated with the
model (Fig. 3).
Here, we discuss that including macrophyte reconfiguration in the input of numerical
models can have significant and extensive effects on the model results of hydrodynamic
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variables and associated ecological and geomorphological parameters. This is illustrated by
the simulation of the in situ field flume. The values presented are indicative and cannot be
directly extrapolated to bigger spatial scales like reaches or entire rivers. Presumably the
importance of the reconfiguration of the vegetation will become more pronounced as the
real river morphology is taken into account and the number of patches increases.
In this study, reconfiguration is described by a variable vegetation height. Including
reconfiguration, results in a free flowing zone above the canopy of 0.08 m, while it dis-
appears in cases without reconfiguration. The magnitude of this zone affects the hydraulic
roughness and hence the depth-averaged velocity distribution (Fig. 6). A smaller variation
of the depth-averaged velocities, with less deceleration of the velocity through the patch
and less acceleration around the patch (Table 4) is observed when reconfiguration is
included. A second example is a decreased water level slope with reconfiguration
(Table 4). The water level slope is the difference between the average water level, across
the upstream and downstream boundary, divided by the flume length. Thirdly, we calcu-
lated the reach averaged hydraulic resistance expressed by a Manning coefficient. This is
lower when the model accounts for macrophyte reconfiguration (Table 4). Therefore, the
overall resistance created by the vegetation increases without reconfiguration. This finding
is in agreement with previous studies, which also found that the impact of the vegetation
becomes less pronounced with increasing free flowing zones above the canopy [61, 67, 68].
However, small values of the Manning coefficient are recorded; this is probably due to
significant bottom slope which results in lower depth-averaged stream velocities towards
the downstream end of the flume.
The maximal depth-averaged velocity adjacent to the patch is the first example of an
ecological parameter. It is 0.13 m s-1 with reconfiguration, compared to 0.19 m s-1
without reconfiguration. This higher stream velocity can have severe impacts on plant
performance during several life stages, such as: (i) settlement of seeds; (ii) survival rate
and growth of propagules; and (iii) breakage of entire plants. Firstly, Koch et al. [73] tested
the effect of flow velocity on horizontal dispersion distance of seeds of three macrophyte
species in a flume experiment. It was found that the dispersion distance significantly
Table 4 Values of the investigated hydraulic, ecological and geomorphological parameters calculated
based on the model scenario, with and without the inclusion of macrophyte reconfiguration of an in situ
flume, with a patch of C. platycarpa. u95 = 95 percentile of velocities between 2.4 m and 4.8 m of the study
section; D50 = 167 lm; D84 = 280 lm
Parameter Reference With
reconfiguration
Without
reconfiguration
Units
Hydraulics
Depth averaged velocity (range) Model ouptut 0.07–0.13 0.05–0.19 m s-1
Water level slope Model output 6.7 9 10-6 162 9 10-6 m m-1
Manning coefficient [69] 0.011 0.048 s m-1/3
Ecology
Maximal depth-averaged velocity Model output 0.13 0.19 m s-1
Macro-invertebrate drift at u95 [70] III (\0.2 m s
-1) III (\0.2 m s-1) –
Geomorphology
Shear stress at u95 [71] 0.37 0.73 N m
-2
Bedload transport rate at u95 [71] 0.24 0.25 g m
-1 s-1
Shield parameter at u95 [72] 4.5 9.5 –
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increased for current velocities above 0.2 m s-1. Longer dispersion distance reduces the
probability of seeds to remain in suitable habitats that were already colonised by the parent
plants. Secondly, the survival rate of C. platycarpa was measured by transplanting
propagules within and adjacent to existing patches of the same species [8]. It was found
that both survival and growth were significantly lower, adjacent to the patch. These dif-
ferences were attributed to difference in flow velocity. Thirdly, macrophytes experience
drag force, which can lead to stem breakage [74]. The magnitude of the drag force depends
on the flow velocity. An overestimation of prevailing stream velocities, adjacent to the
patch when reconfiguration is not taken into account, could therefore lead to incorrect
predictions of plant performance—as discussed above. In a second ecological example,
Extence et al. [70] categorises the occurrence of benthic macro-invertebrates based on the
prevailing stream velocities in rivers. Category I represents the highest stream velocities
that are a habitat to rheophilic species (i.e. species preferring zones with high flow
velocities), whereas categories III to VI represent low velocities suitable to limnophilic
species (i.e. species preferring zones with low flow velocities). From our results it was
found that, with the inclusion of macrophyte reconfiguration, the stream velocities do not
exceed the threshold stream velocity of 0.2 m s-1 (Table 4); thus all taxa of category III
are able to tolerate these conditions’ taxa. The stream velocities of both scenarios in cases
belong to the same category. However, simulated depth-averaged velocity, without
implementing reconfiguration, can exceed the threshold value of 0.2 m s-1 more rapidly in
cases with higher incoming stream velocities or other macrophyte species.
Macrophytes also influence the geomorphology of the river bed [9, 75], higher veloc-
ities adjacent to patch might lead to scouring or grain sorting. Firstly, the maximum values
for the bed shear stress are 0.37 and 0.73 N m-2 (Table 4), respectively, with and without
the inclusion of macrophyte reconfiguration. Schoelynck et al. [38] showed that a minimal
bed shear stress of 0.15–0.16 N m-2 is needed to initiate sediment motion in the in situ
flume, with prevailing median grain size of 0.167 mm [38]. Secondly, the sediment bed
load transport rate based on the bed shear stress is, respectively, 0.25 and 0.24 g m-1 s-1,
without and with the inclusion of macrophyte reconfiguration (Table 4). Note that for the
calculation of the shear stress and sediment bed load transport the depth-averaged velocity
is used instead of the near bed velocity. Near bed velocities are expected to be lower and
resulting in a lower shear stress and lower bed load transport. However, we want to
illustrate the effect of difference in depth-averaged stream velocities between inclusion and
exclusion of reconfiguration; therefore, the difference between the two scenarios is more
important than the absolute values. Finally, the Shield parameter is the ratio of the actual
forces acting on sediment and the forces needed to initiate sediment motion [72]. The
values for the scenarios with and without reconfiguration are 4.5 and 9.5, respectively.
These values are both higher than 1; this implies the movement of sediment adjacent to the
macrophyte patch, but with a different magnitude.
5 Conclusion
The aim of this study is to derive a practical approach to quantify vegetation resistance
which can be applied in 2D depth-averaged hydrodynamic models on reach scale. The
hydraulic resistance created by flexible in-stream macrophytes with a complex morphology
is represented by an adapted bottom friction coefficient. Measurable plant parameters are
derived and quantified to account for the variable vegetation height and complex
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morphology of three submerged macrophyte species. This approach removes the need for
calibration of the vegetation resistance and can be applied in reaches with spatial
heterogeneous vegetation patterns. This study has three major findings: (i) the model is
able to accurately predict the depth-averaged velocities in and around a vegetation patch,
by implementing the vegetation resistance into the hydrodynamic model Telemac 2D
without calibration of any parameter. (ii) The flexible vegetation approach is superior to a
fixed vegetation height. Inclusion of macrophyte reconfiguration in the model decreases the
simulated hydraulic resistance which results in less variation in the simulated depth-av-
eraged velocity distribution as compared to the model scenario without macrophyte
reconfiguration. (iii) Inclusion or exclusion of macrophyte reconfiguration can have sig-
nificant and extensive effects on the model results of hydrodynamic variables and asso-
ciated ecological and geomorphological parameters. This implies that more attention
should be paid to the variable vegetation height in hydrodynamic models when dealing
with flexible, submerged macrophytes.
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